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WAVE PROPAGATION IN AIIC SUPERCONDUCTING
PART II: PARAMETRIC EFFECTS*

P. Chowdhurl, Senior Member, IEEE
10S Alamos Scientific Laboratory
Los Alamos, New Mexico 07545

Abstract - This paper studies wave propagation
in several designs of dc superconducting cables. DC
conventional cables are also included for the purpose
of comparison. For a multiconductor cable s~stem,
undesirable transient voltages may develop across
parts that are not designed to withstand high volt-
ages. The effects of several parameters were studied
to limit these voltages; these are voltage ratincj,
number of conductors, conductor resistances, earth
resistivity, terminal grounding resistances of the
“grounded” conductors at the origin and dielectric
constarmts. Voltage rating, conductor resistances,
and terminal grounding resistances seem to influence
the transient performance of a multiconductor cable
significantly. The effect of finite earth resistiv-
ity is insignificant,

INTRODUCTION

The propagation characteristics of multivelo-
city voltage waves in a dc superconducting cable of a
specific design were discussed in a companion paper
[1] . Ue showed there that a large fraction of the
applied voltage may appear across the “grounded”
cryogenic enclosure, which may be the weakest link In
the ‘system, A possible solution is to connect the
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two cylinders of the cryogenic enclosure with metal
links at regular Intervals along the length of the
cable. Howev~r, this will increase the heat leak and
decrease the efficiency of the system. An alterna-
tive is to repl~ce the metallic shorts by nonlinear
(e.g., zinc oxide) resistors or properly coordinated
spar!: gaps. It is expected that the heat leak will
be substantially decreased by this method, although
not completely eliminated. However, the nonli~ear
resistors will be subjected to extreme thermal
stresses. A third possible solution is to vary the
cable-design and system parameters to minimize the
voltage difference across the two cylinders of the
cryogenic enclosure.

This paper discusses the wave-propagation
characteristics of three- and four-ccndllctor dc
superconducting cables, as affected by the sy?tem
constraints as well as by the cable constraints.
Examples of two- and three-conduc’:ordc conventional
cables cre also included for ihe purpose of comp&ri-
son.

CABLE AND SYSTEM PARAMETERS

Table I shows the pertinent p~rameters of the
cablps, which were studied,

TABLE I
Pertinent Parameters of Cables

4-Conductor 3-Co~ductor 3-Lonductor 2-Conductor
100-/3OO-kV 100-/6OO-kV 250-kV 250-kV

Super;~:~;cting Super;~:dlcting Conventional Conventional
—. Cable Cable

Outer radius of conductor 1, rlo (rim)
OC resistance of cond~ctor 1, Rcl (,,i~/m)
Inner radius of conductor 2, r2i (mn
Outer radius of conductor 2, r 0 (nsn1
DC resistance of conductor 2, ic2 (,4n/m)
]nn~,rradius of c~nductor 3, r~~ (~i)
Outer radius of conductor 3, r 0 (inn)
DL resistance of conductor 3, dc~ (,,n/m)
Inner radius of conductor 4, r4{ (mn
Outer radiu: of conductor 4, r 0 (nsn1
DC rezist~nce of comhictor 4, lf4 (iln/m)
Distance of cable cerlterto ew h, h (rmn)
Oiclcrtric constants : kl

k~
k3
k4

22.7/19.6
0.2;0.55
2B.3/42m15
35.0/48.45
0.2/0.55
4~.o/54.9
49.0/58.9

440.0/363.6
90.0/161.0
94.0/165.0
43.0/24.4
98.0/177,7
2.7
1.0

H

40.0
1009.3
100,0

, 102,0
13,6

105,4/124.1
lCS.4/125,1
332.2/202.3

.

-
110.4/129,1

U
3.0

-

16,7
;:,;4

35:5
2[ ,53
44,1
49.5
114,83

.

.

55:4
3.U
3.0
3.0
.,

16.7
33.14
31.6
35.5

2B6.53

.

—.-—--- .... -------- .—-. . . . . ..-— ---- ------ . . .-------- ..-. — . . . ... . . ..— . . . . . . .
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System Parameters

A 100-kV desl 1 of this cable has been de-
scribed previously unuer specific system constraint:.
i.e., the grounding resistance of each of the
“grounded” conductors at the origin Rg = 10nand the
earth reslstivity

?=
100 n-m [1j . The grounding

resistance of a cab e sheath, like the footing resis-
tance of a transmission-line tower, and neutral
grounding resistance of a generator or transformer,
can be decisive In the wav?-propagatiollcharacteris-
tics of the cebler One end of the cable sheath maY
even be left open to inhibit the flow of stray cur-
rent, which COU14 be several hundred amperes in the
vicinity of eluctric transportation systems or
electro-chemiciil industries. He, therefore, varied
the grounding resistance Rg from 1 to m.

The analysis b~comes simple If It is assumed
that the earth is perfect, l.c., an earth of infinite
electrical conductivity. In practice this ideal con-
dition is never met. The problem becomes more com-
plex if the long cable is laid not only In regions of
divergent earth resistivities but also In layers of
eart!lof different resistivities. Moreover, lack of
pleclse knowledge of the earth resistivlty prezludes
e:act numerical computations. In SPite Of these tjlf.
ficulties, it is worthwhile to study the effect of
imperfecl earth in order to assess the manner in
which attenuation and distortion of voltJge waves in
a cable takes placu. We varied the earth resistivity
from O tl 100Un-m fur all of the cable designs stud-
ied,

Four-Conductor Superconducting Cables

A 10&kV design of thfsrcdble hds been de-
scribed in the companion paper 11], wh( c the actual
resis’.ancesof the four conductors werr .sed to com-
pute the wave-propagation character’ .I~s of the
cabl?, ‘n the present study, we have included con-
dllctors of zero resistance to determine the effects
on attenuation and distortion of the voltage wave~.

In th~ companion paper, the dielectric ron-
stant cf the annular space {n the cryogenic enclosure
was a~,sornedto be uflity, i.e., kg ■ 1, M the
vacuv:nspacu inside the cryogenic enclosure is filled
wiI!I mulltlayer thermal ~nsulatlon, its dielectric
constant will be higher. A dielectric constant of
three (k] ~ 3) was included in the present study to
~scertaln its effect iIn the voltage ~cross the space
inside the cryogenic en~losur~,

rhe space itlside the cr~’ogenic enclosure is
d(,;iyned on the basis of allowable Ileat leak and is
Independent of the voliage rating of the cable,
Therefore, a higher \ “cage (300-kV) cable was in-
cluded to study lhe I ?~t ~f cable vnltage r.’,ingOn
the voltayc across the I’nllosur~ space.

Figures 1 to 4 ~how the step r~s}~onsesof a
100-kV four-condurtor dc superconducting able under
various ~ystem condi!inn-, Figur? 5 shows th? stop
response of a 300-kV four-corductor dc sllperconduclng
cable, In c~ch case, the abplicd voltage wave on
conductor 1 Is split into four cumponosstwaves trav-
eling at unequal velocitl?s, All four component
waves are present on conductor 1, Three comprwwnl
wwes travel on conductor 2; two waves on [nnductor
3, and one slr,gle wltay~ WIVC of s.~allmagnitude
tr!vels on conductbr 4 (nc~rest to earth), Thpt com-
ponmt wave (of SITI,lI1mfignllude)which is present on
all rou? cnr,tuctt)riat r w O fs highly attenuated
within a short distfinccfrom the orlgln. Th{s WdVC

Fig. 1
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is notwf~:l;ernablu in sny of th~ figures except Fiq.
2a, rcprcscnts zero earth rcslstiVitY

~hrec-Conductor SuprrronrlurtlnyCable

The three-conductor shpcrconductln
!

cahl~ Is
an altrrnate dcslgn, more witable fnr owcr power
ratinas (Fia, 6). Thv dielrctrlc If at ambirnt t@m-
pcrat~rcj ~cing thermally ttoluted frmn the high-
voltage superconductor by the cryogenic enclosure.
The Innt,rcyllnrlcr(sta{n!oss steel) of th~ cryo enic

Ycnclosurc Is intimately connected to the hig4-vo tagr
supcrcondu,:tor thrnllgl,outthe length of th~ cable,
Therefore, th~s combination constitutes conductor 1,
lh~ outrr cyl{ndcr (copper) of the cryogenic unclu-
sure {s conuectcd fo conductor 1 8t the Lcrmlllals.
This Is conductor 2, A lead sheath !IIut shown In thr
f~gure) that mncloscs
The rl@ctrlcal load
another slmllar cabl?,

thf! dielrctrlc- ts crmluctor 3.
circuit is complptrt! through
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Fig. 6. Conceptual design of a three-conductor dc
superconducting cable.

rhe transient current is assumed to be ex-
pelled by the slperccnductor into the stainless-ste~l
cylinder. Two voltage ratings (100 kV and 600 kV)
were considered for this study.

Figures 7 and R show the step responses of
100- and 600-kV three-conductor dc superconducting
cables under various system conditions. The applied
voltage wave on conductor 1 is split into three com-
ponent waves traveling at unequal velocities. All
three component waves are present on conductor 1,
Two component waves travel on conductor 2, and one
single wave of small rnagnil’udetravels on conductor
3. Similar to the four-conductor superconducting
cable system, the component wave which is present on
all three conductors is of small magnitude at the
origin and iS highly attenuated wi:hin a short dis-
tance, This compcnent is not disc<rnable in my of

thl’figures.

Two and Three-Conductor Conventional Cables
,

The model for the three-conductor conventional
cable was derived fran the 250-kV dc submarine cable
laid between the north and snuth islands of New
7ealand [2]. Conductors 1, 2, and 3 are assumed to
be concentric cylinders made up of copper, lead, and
galvanized steel, resp(!ctively.

‘The two-conductor model for this study is sim-
ilar to the thrre-conduc’~r model but without the
galvanized-steel armour,

Figures 9 to 14 show the slep resbonses nf
250-kV three- and two-conductor dc conventional ca-
bles, The three-conductor cable carries three tom-
ponent voltage waves, and the tdo-conductor cable
carries two component wakes. In f!nch system, one
com on@nt wave is very Sm.111 in magnitude and IsRhlg ly attenuntcd to a neyllgiblc value withtn a
short distance from Lhc origin, except for rg = O.

DISCUSSION

Effect of Grounding Rcslstanr&

Figure 1 shows thr effect of ground~tiyruztst-
ance on the voltage propagation In thr 100-kV, fnur-
rmnductor dc superconducting cable. A lower round.

7ing resistance m~uld stress the nhljor die ectric
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Fig, 7. Step response of 8 semi-infinite 100-kV
three-conductor dc superconducting ~ablc.
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(a)ir T 100M; (b)=~l km. Three, two,
and one component waves travel along con-
ductors 1, ?, an’13, respectively. Thecom-
ponent w~vewhlch Is present on all three
conductors Is highly dttenu~ted and 1s not
dlscernablc in the figures.

ncirer to its design stress and would st~ess the
crvogonlc enc;osure less. However, It should be
borne fn mind that conductors 2, 3, and 4 may be kept
open or connucted to aarth throuuh : nonl~near resls.
tance at one end of tht cabl@. The cable ●tll be
vulnerable if the surge rnters through that end,

Figures 10 and 13 show the eff:::l::, grounding
resistance on the :onvnnt~onal H{ghcr
grounding resistances tend to attenu~te &nd distort
the wavefronts, For the three-conductor conventional
cable (Ftg. 10), th~ voltage on conductor 3 awiy fran
the origtn ~s n~gliglbl~ in all cases where the earth
rmsistlv!ty is ftnlte, The vulta e across the di.

1Qiectrtc WWccn the l?ad shcith co~luctor 2) and
Lhc galvanlznri. ~terl amour (conductor 3) Is reduced
by dorreasin thn iyoundlng resistance. The attanua-

/’tlon rate o this voiifige !s also Increased when Lhq
grounding resistance IS ic%s. For the t~.conductor

.
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Fig. 8, Step resprme of a semi-lnfinlte 600-KV
three-conductor dc superconducting cattle.
R . 10na*z ■ O; pa = 100fl-m,
(8)@ 100m; (b]x=”l km,

nearer .to Its design stress ml would stress the
cryowlc ●nclosure - less. Ihwevcr, it should be
borne in mind that conductors 7, 3, and 4 may be kept
open or connected tu earth through a nonlineir rcsfi-
tance at one end of the cable. rhe cable wtll iJC
vulnerable if the surge enters through that end.

Figures 10 and 13 show the effect of grounding
resistance on the conventional cables, Higher
grounding resistances tend to attenuate and dlst~rt
the wavefronts. For the three-conductor conventional
cable (Fig, 10), the voltsgc on conductor 3 away frmn
the ortgin is ncgllgfblc fn all cases where the edrth
rm~stlvlty IS finite. The voltage across the di-
●lectric between the lead sheath (conductor 2) and
the galvan~zed-st~cl arm!r (conductor 3) Is r~duced
by decroasin th~ grounding resistance. The attenua-

?tlon rate o thts voltage is also increasrd whun the
Uroundlng resistance is lass, For the two-conductor

\
convent~anal cable Fig, 13)0 the voltagr on th~ lead
sheath (conductor 2 fs negligible for finite narth
reslst!v!t!esm The voltage on conductor 1 {s attenu-
ated more with h~ghcr gruundlrq reststanre.
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Effect of Earth Reslstivity

Figure 2 shows the effect of earth resistivlty
on the voltage propagation in the 100-kV four-
conductor dc superconducting cable. OrIlyone compo-
nent wave is significantly affected by the earth re-
Sistlvlty. This component wave is distinguished by
the fact that it is the only wave traveling along
conductor 4 (physically situated nearest to earth),
and that it Is also present on the other three con-
ductors along with other component waves. The exis-
tence of this component wave (or ground wave) changes
the voltage between each ccmductor and earth without
appreciably changing the conductor-to-conductor volt-
ages. It is discernible only when the earth resls-
ttvity is zero (i.e., perfect earth). It is highly
attenuat~d within a short distance frcm the origin
(z= O) when the earth resistivity is finite, being
insensitive to the actual magnitude of this finite
earth resistivity (Figs. 2b and 2c). This was also
found to be true for other types of cables.

The effect OT perfect earth on the voltage
propagation in three- and two-conductor conventional
cables is shown in Figs. 11 and 14. The ground wave
is more prominent in these two cases than in the dc
supercond~cting cable (Fig. 2a). Comparing in Table
I, It should be noted that tne larger the distance of
the cable center to earth, the lower is t+e ground
wave.

Effect of Conductor Resistance

The effect of neglecting the conductor resist-
ances is shown in Fig. 3. When compared with Fig. 3b
of Ref. 1, it will be evident that the effect of con-
ductor resistances is to increase the stress on the
cryogenic enclcsure. The conductor resistances also
decreases the slope uf the wavefront.

Effect of Dielectric Constant

In most cases in this study, the dielectric
constant of the annular space in Lhe cryogen~c enclo-
sure was assumed to be unity. ![lPrdCtiCe, this vac-
uum space will be filled with thermal Insulation.
Assuming a dielectric constant of 3, computations
were made of the voltage distribution in the 100-kV
four-conductor dc superconducting cable (Fig. 4), As
expected, the velocity of the miijor component wave on
conductor 3 was decreased without changing the inter-
conductor voltage differences substantially.

Eff~ct IJf Voltdge Rating of Cabl&

The wavefronts on a 300-kV, four-conductor dc
::uperconductingcable are shown In Fig. 5. In thfs
case, the major dielectric is stressed more nearly to
its design value, and the he’lium space between con-
ductors 2 and 3 ts stressed less. The cryogenic en-
closure iS also stressed less on a per unit basis,
However, aszuming a BIL of 750 kV for this 300-I”V
cable, the highest voltak:s across the major dielec-
tric, the helium space, and the cryogenic enclosure
will be 647, 56, and 103 kV, respectively.
in contrdst with 162.5, 59,5, and 50 kv j~;st~~
100-kV design, The cryogenic enclosure of the 300-kV
design is stressed about twice as much as that of the
100-kV design. This 1S not surprising considering
the fhct that the cryogenic enclosure Is designed
mainly on heat-leak speclffcations,

Three-Conductor dc Superconducting Cable

This cable (Fig. 6) is an alternate design
that is more suitable for lower power ratings. The
inner cylinder of the cryogenic enclosure Is inti-
mately connected to the high-voltage conductor (con-
ductor 1) throu bout the length of the cable. The
outer cylinder i’conductor 2) of the cryogenic entlo-
sure is connected to conductor 1 at boti?ends of the
cable. Therefore, the two cylinders of the cryogenic
enclosure are at the system voltage under steady-
state conditions. Under transients, a voltage dlf-
ferer’:e develops across the cryogenic enclosure
(Figs. 7 and 8). As with the four-conductor case,
the voltage across the cryogenic enclosure is smaller
for a cable of lower voltage rating.

DC Conventional Cables

C~PUtatiOnS for dc conventional cables were
performed for the purpose of cmnparison. AS Figs. 9
to 11 show, a considerable amoun’t of voltage may
devel~p between the lead sheath and the steel armour
of the three-conductor submarine cable. Smal1er
grounding resistances at the terminals help in reduc-
ing this voltage difference. It Is of interest to
note in Fig. 10a that the voltage on conductor 1 ex-
ceeds 1 p.u. However, the voltage across the major
dielectric does not exceed 1 p.u.

Wavefronts for a two-conductor cable of the
same voltage rating (250 kV) are shown in Figs. 12 to

The voltage waves attenuate and slope off as
;%Y travel dlong the cable (Fig. 12). Higher termi-
nal grounding resistance also attenuates the wave-
fronts (Fig. 13).

CONCLUSIONS

1.

2.

3,

4.

5.

[lJ

[2]

Multiconductor cable systems may develop tran-
sient voltages iicrosssome cable parts that are
not normally designed to witilstandhigh voltages.

For conventional cables, these ) ltages may be
limited by shorting these parts together at reg-
ular intervals.

For cryogenic cables, as shorting will produce
extra bent leak, properly designed nonlinear
resistances or spark gaps at regular intervals
would limit these voltages.

In addition, proper choice of terminal grounding
resistance and conductor resistance will also
limit the undesirable voltage differences for
all multiconductor cable systems, conventional
or cryogenic.

Earth resistlvity, as long as it {s nonzero,
does not seem to have significant infl~ence in
the overall transient response of the cables
investigated’,whereas the influences of voltage
rating, conducior resistances, and terminal
grounding resistance are significant.
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